In many delta areas hydraulic structures are key elements in water management strategies for fresh water supply and flood risk management. Adaptation of delta areas to changing climatological and societal conditions will be in pace with the renovation and replacement of these hydraulic structures.
INTRODUCTION
Hydraulic structures such as weirs, dams, sluices, and barrages have an important role in water management strategies regarding fresh water supply and flood risk management. In current water management strategies not only these structures themselves, but also the way they are operated and maintained are critical elements. As elements in water management strategies, hydraulic structures provide different functions for society and are capital intensive (Hijdra et al. ) . In time, hydraulic structures deteriorate or their functionality becomes obsolete, demanding decisions about renovation or replacement of such structures (Kallen et al. ) .
In this paper, we discuss the task of replacement of hydraulic structures, which revolves around questions regarding whether or not to replace a hydraulic structure, when to replace it, with what type of structure to replace it (the same or with a different functionality), and where to replace the structure (on the same or on a different Nyssa ). These authors describe a tipping point as a moment in time when some kind of threshold is crossed and a system changes towards a new stable equilibrium. The definition given by Kwadijk et al. () is interesting for two reasons. First, they add adaptation to the tipping point idea to determine the timing of a shift between a current and a new water management strategy. Second, they link adaptation tipping points to a water management strategy and the objectives to be met by such a strategy. Thus, the adaptation tipping point indicates that a strategy is no longer adequate to reach its objectives.
In this article, we focus on the usability of the adaptation tipping point method for the determination of the moment of replacement of a hydraulic structure. First, we explore the relation between a management strategy and the functionality and performance of structures. Second, we explore the drivers that influence the performance and the functionality of hydraulic structures. Third, we use the River Meuse in the south-eastern part of the Netherlands as a case to illustrate the interplay between functionality and performance, and the drivers that change both. The River Meuse was canalized in the 19th century for shipping purposes, comprising mainly the transportation of coal to the western part of the Netherlands. To make this transport possible seven combinations of sluices and weirs were built almost a century ago. While their performance is already decreasing, the type and moment of replacing these structures is not yet clear. We explore the replacement of these seven structures by using the adaptation tipping point method.
THE ROLE OF HYDRAULIC STRUCTURES IN A WATER MANAGEMENT STRATEGY
Hydraulic structures are often part of water management strategies such as those described by Kwadijk et al. () .
In the definition of adaptation tipping points by Kwadijk et al. the phrase 'current management strategy to meet the objectives' has an important role, as well as 'the magnitude of change' of climatic conditions. Hydraulic structures have to meet the objectives and have to deal with this magnitude of change.
From a design perspective, hydraulic structures are developed for a function with specific goals or objectives in mind. An objective is, for example, to 'supply' for an expected demand of vessel passages, or for a pre-specified discharge. Such objectives are translated into functional requirements for a structure, which constitute the functionality of either a structure or a set of structures.
Functionality can be defined as 'what a structure should be able to do', and gives a normative description for a hydraulic structure based on a set of objectives.
Functionality influences the performance of a structure, and the performance affects the functionality via possible alteration of one or more of the objectives. There are two sides to the performance of a structure. The first is the demand for use, which can change over time. In case of decreasing demand the performance will be lower than the optimal functionality, i.e., it is underused. When the demand for the use of a structure increases, demand can rise above the initial envisaged objectives. As such, functionality will start to fall short. The initial functionality of a structure often has an upper limit like a maximum amount of vessel passages or maximum discharge. The second side of the performance of a structure is the condition of the structure. To keep the performance in line with the desired functionality and to prevent deterioration of the structure, maintenance and operations have to be on an adequate level. When there is a lack of maintenance, or when operations are not well executed, the performance will diminish. Whether this is a problem depends on the user's demands on a structure. If a structure is not used, it does not have to be 'functional'. Thus, performance can be defined as 'what a structure really does'.
The mutual dependency of objectives, functionality and performance shows that 'not meeting the objectives' for hydraulic structures can't be answered easily. Determining or identifying the adaptation tipping point of a water management strategy is difficult since, via performance and functionality, hydraulic structures are influenced by, among others, changed normative ideas about a structure, changing demand, inadequate operations, or overdue maintenance. The adaptation tipping point can be identified based on different exogenous drivers, but a tipping point can also be delayed by changing operations and maintenance. We will describe the relation between performance, functionality, and the water management strategy for hydraulic structures in more detail in the next three sections to indicate drivers for possible adaptation tipping points.
Performance and technical lifetime
The performance over time can be described by the lifecycle, or lifetime of the structure (Farran & Zayed ; Frangopol ; Frangopol et al. ) . Deterioration determines the technical lifetime of a structure, which over time is inevitable. Deterioration is driven by two factors: environmental stressors and human use. Environmental stressors such as climate, acidity, discharge, and algal growth affect processes of corrosion, biological fouling, and concrete cancer.
Human use affecting the technical lifetime of structures includes traffic (such as shipping, trains, cars or lorries, depending on the structure), movement of mobile parts of the structure, the use of water as a cooling product, and deposition of effluents. The rate of deterioration is affected by the intensity of the traffic, possible accidents, waves from shipping, the wearing of movable sections of the structure, and chemical or thermal pollution of the water.
Deterioration is influenced by multiple factors at once.
The set of factors can change over the course of time, thereby altering the technical lifetime of a structure. A complicating aspect to determining the technical lifetime is that a structure is not one entity. For example, the technical lifetime of the structure's construction is shorter than that of its foundation due to exposure to waves and water. Based on the technical lifetime, at least four different sections of a hydraulic structure can be distinguished. In decreasing order of their technical lifetime, these sections are: the foundations of the structure; the structure itself; moveable elements; and the electronic steering system. Deterioration makes active prevention, maintenance, renovation or (partial) replacement within an existing water management strategy necessary to maintain overall performance of a structure. Examples of active prevention include the placement of sacrificial anodes on metal parts to divert rust (Schramuk & Klopfer ) and the application of coatings to reduce concrete cancer and to strengthen the structure's resistance against corrosion and biological fouling (Niblett ). Renovation and partial replacement include the upgrade of electronics, upgrading parts of the concrete structure, replacing movable parts (such as adding new sluice-doors, or valves that can be opened at higher speed), or retrofitting the structure (Ang ). By maintenance, renovation, and (partial) replacement, structures are kept fit for purpose.
Deterioration is an important driver for possible adaptation tipping points regarding the performance of a structure. Next to deterioration, biophysical change is also a driver for tipping points by influencing both the speed of deterioration and the performance directly. Biophysical change includes changes in water quantity (for example due to altered rainfall patterns in the watershed) and in water quality (for example due to accumulation of chemical pollutants or nutrients due to droughts).
Functionality of structures
Next to technical lifetime, hydraulic structures have a specific functionality, defined as: 'What the structure should be able to do'. Functionality can, among others, be based on the socio-economic role of a structure, its geographic location, its role in the larger water system for among others the transport of water, ice or sediment, and the relation to other hydraulic structures within a water system. Functionality is determined by societal and political choices regarding the objectives of a structure. The technical design and dimensions of a structure facilitate the objectives, but also fixate the use with a specific functionality for prespecified objectives. These pre-specified or design objectives often have upper and lower limits (maximum amount of vessel passages, minimum, and maximum discharge) to cope with expected variability, and which include safety margins to deal with uncertainty. The objectives can be formulated in very specific or in general terms, for one structure, a set of structures, or for a water management strategy based on structures.
In many cases, structures are designed and constructed for more than one objective. Large hydraulic structures are primarily used to regulate the main water system (for example, the main river tributary) for flood prevention, fresh water supply, and shipping. But there are also direct and indirect links between the water system and land use in the adjacent areas. These links include water quality, groundwater levels, and availability of irrigation water. These links are determined by the use of water in the regional environment, or influence the usability of the land. The desired use and usability influence the functionality of a structure. For example, the production of fruit crops, as a high revenue form of agriculture, requires a specific groundwater level and water quality, which both can be defined in an objective. Regional and local politics, and the related decision-making processes, are important in determining the objectives of hydraulic structures. In the political arena, stakeholders can discuss and negotiate objectives, influenced by socio-economic trends. In this way, functionality is challenged by changing objectives based on socio-economic trends and political desires, a third driver for a possible adaptation tipping point.
Water management strategy
We contend that performance and functionality of hydraulic of such an interrelationship is the dependency of the regional water system on the main water system to supply water in dry periods and to accommodate drainage water in wet periods. This dependency not only changes due to climate change, but also due to socio-economic change and political choices in the regional system, affecting water use and management. Each of these three drivers can lead to possible adaptation tipping points, whereof just one will become reality if not avoided. Therefore, these three different drivers, and related uncertainty, should be factored into the decision-making about the type, extent, and location of a replacement. Determining or identifying adaptation tipping points can be helpful in deciding about the replacement of hydraulic structures. We will illustrate the drivers and the interplay between the key concepts relevant for the replacement of hydraulic structures for the River Meuse case.
TIPPING POINTS IN HYDRAULIC STRUCTURE-BASED WATER MANAGEMENT STRATEGIES: THE RIVER MEUSE
We explored three drivers of change which need to be considered in determining tipping points for a water management strategy based on hydraulic structures. By Since the weirs in the River Meuse influence the discharge of water, they also influence fresh water supply for irrigation, management of nature areas, and recreation in the region. In particular, the weirs at Borgharen and Linne are important for fresh water supply during the incidence of drought. Moreover, the weirs enable managing the fluctu- (Table 1) . However, as has been indicated above, technical The order is upstream, so Lith is the top weir in Figure 2 (nearest to the sea) and Borgharen is the bottom weir, near the border with Belgium (RWS 2011). Decision-making about the replacement of the weirs is connected to this dispute, since the shipping industry in the region depends on the functionality of the weirs.
Besides the above-mentioned socio-economic scenarios, demographic scenarios indicate trends in population for the southern parts of the province of Limburg. The current projection for this region shows the largest decline in population compared to other regions in the Netherlands (Cüsters ) . The population in the northern parts of the province is not yet declining, but projections indicate that population could start to decline in the near future. These demographic developments influence the potential for economic development of the region, and need to be considered in setting objectives for the structures.
In considering objectives for the structures, stakeholders at local, regional, and national level envisage the future of the river differently, creating a highly complex A first stakeholder analysis showed that most regional and local interests support continuation of the current situation and, therefore, of ensuring the river's suitability for the current strategy will no longer be able to meet the objectives'. In this definition, three key aspects can be identified:
'Impact of climate change', 'current management strategy', and 'objectives to be met'. The current management strategy was adopted as the unit of analysis with hydraulic structures and their interrelations as vital part of such a water management strategy.
The current water management system in the Netherlands depends heavily on regulating the water system with hydraulic structures to meet societal demands, such as inland shipping, water safety and fresh water supply.
Hydraulic structure design, functionality and performance are based on political objectives and socio-economic demands on a national, regional, and local level. Based on performance and functionality of hydraulic structures, we tried to assess the use of the adaptation tipping point approach to determine the moment of replacement and looked into the possible contribution of the adaptation tipping point approach to deal with uncertain future developments. The case of the River Meuse also shows the complexity of a tipping point analysis. In the Meuse, the deterioration of a structure, its maintenance and operation, the regional political agenda, changes in land use and all types of biophysical change are at least as important for the assessment of adaptation tipping points as the biophysical impacts of climate change. Excluding or misunderstanding the importance and ambiguous character of the regional political agenda in analysing adaptation tipping points will lead to a failure of the analysis. Ignoring ambiguity about the future political agenda, and uncertainty in the rate of deterioration and land use change, conflicts with the purpose of adaptation tipping points, i.e., dealing with uncertainties. Therefore, it is proposed that tipping points must be more strongly connected to the regional political agenda to formulate realistic and useful recommendations for policymakers (see also Van den Brugge & Roosjen ). The regional community has to be involved in the decision-making process about the replacement of structures and the validity of water management strategies. This involvement can lead to a different decision about the type and timing of the replacement of hydraulic structures. This paper reflects just an initial exercise in order to show the need for adaptive approaches like adaptation tipping point assessments for deciding on the replacement of hydraulic structures and assessing the tenability of water management strategies.
CONCLUSION
Hydraulic structures safeguard the Netherlands from flooding, facilitate inland shipping on rivers and lakes and enable fresh water supply to many parts of the Netherlands.
In rebuilding and reshaping the Dutch Delta, these structures form key elements in the main water management strategy. They are not only essential in the River Meuse, but in the whole of the Netherlands, and in many other places around the world. Climate change and other future changes affect the performance of water management strategies, which leads to a re-examination of current practices.
Since future changes are surrounded with uncertainty, adaptive approaches are increasingly necessary (Haasnoot et al.
)
, however, these approaches should take into account regional agendas, national politics, biophysical, and socioeconomic change, end of lifetime of current structures, and changing objectives. All these should inform decisions about the moment and type of replacement, which could be very different in timing or type if one of these aspects is left out.
One opportunity is to include a wider range of analysis methods available in civil engineering, regional governance and strategic planning. An example is the combination of 
